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014.02.0Abstract To implement ﬁve-axis functions in CNC system, based on domestic system Lan Tian
series, an improved design method for the system software structure is proposed in this paper.
The numerical control kernel of CNC system is divided into the task layer and the motion layer.
A ﬁve-axis transformation unit is integrated into the motion layer. After classifying ﬁve-axis
machines into different types and analyzing their geometry information, the ﬁve-axis kinematic
library is designed according to the abstract factory pattern. Furthermore, by taking CA spindle-
tilting machine as an example, the forward and the inverse kinematic transformations are deduced.
Based on the new software architecture and the ﬁve-axis kinematic library, algorithms of RTCP
(rotation tool center point control) and 3D radius compensation for end-milling are designed
and realized. The milling results show that, with ﬁve-axis functions based on such software struc-
ture, the instructions with respect to the cutter’s position and orientation can be directly carried
out in the CNC system.
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Five-axis CNC system could control three linear axes and two
rotary axes to move synchronously. The cutter’s position and4 24696000 8315.
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09orientation could be determined at the same time, so that it
could better adapt to the workpiece surface. With the advanta-
ges such as shorter machining time, higher machining accuracy
and less amounts of ﬁxtures, ﬁve-axis milling is widely used to
machine impellers and structural parts in aviation and space
industry.1,2 As the brain of the ﬁve-axis machine tool, ﬁve-axis
CNC system is generally considered as a measure of the level
of manufacturing technology of a nation.
The traditional machining process is usually as follows: the
CAM system calculates and simulates the tool path according
to the workpiece model generated by CAD; the post-processor
(PP) generates the NC codes and transmits them into the CNCSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Traditional structure of CNC system.
Fig. 2 Software structure of LT series.
426 F. Wang et al.system; after a series of processing, such as interpretation,
interpolation and error compensation, the CNC system ob-
tains ﬁnal axes instructions and sends them to the servo system
for machining.3 But under such machining mode, design and
manufacture information may be lost in the process of trans-
forming the workpiece codes into G/M instructions. Besides,
if tolerances between the actual situations and calculating con-
ditions exist, a new workpiece program usually needs to be
generated. Furthermore, NC codes can only be applied to
the speciﬁc machine, and cannot be transplanted between dif-
ferent machine tools.
In order to avoid these problems, reduce the machining time
and costs, and increase the machining efﬁciency, the CNC sys-
tem not only needs to realize ﬁve-axis linkage control, but also
needs to implement ﬁve-axis transformation function (broad
sense). The ﬁve-axis transformation function (ﬁve-axis function
for short in the following paper) usually includes:r Five-axis
transformation function (narrow sense). The CNC can trans-
form the cutter’s location and orientation with respect to the
workpiece coordinate system into axes positions under the ma-
chine coordinate system. Affouard et al. proposed three modes
to carry out the inverse kinematic transformation, where the
calculation mode 2 is carried out by the NC unit in real-time.4
However, the authors did not further introduce this mode in de-
tail. s RTCP (rotation tool center point control) function.
With such function, the NC program can be independent of
the machine kinematic, and the CNC system can automatically
compensate the rotary movements in real-time. Jung et al. men-
tioned RTCP function in their paper,5 but they just introduced
the concept and the effect, and did not propose how to realize
RTCP function in the NC unit. t 3D cutter compensation
function. It includes radius compensation and length compen-
sation. The CNC system will automatically take the cutter’s
radius and length into account when calculating axes motion
instructions. Moreton and Durnford advanced an algorithm
for 3D tool compensation when using a spherical end milling
cutter.6 However, the machine just has two linear axes and
one rotary axis, so this algorithm does not ﬁt the ﬁve-axis ma-
chine. Han et al. introduced a space cutter radius compensation
method for multi-axis milling,7 but this algorithm is still in
post-processor stage. Besides ones mentioned above, there are
some other ﬁve-axis functions, such as ‘‘tool oriented program-
ming’’, ‘‘tool orientation compression’’, ‘‘error calibration’’
and et al. With these ﬁve-axis functions, the system can directly
handle the cutter’s location and orientation information.
On application aspect, some foreign advanced high-grade
CNC systems, such as Siemens,8,9 FANUC10,11 and Heidenh-
ain,12 has already implemented these functions, but the algo-
rithm details are not posted. By contrast, domestic systems
still lack complete and perfect ﬁve-axis function.
In this paper, based on Lan Tian (LT) series CNC systems
developed by Shenyang Institute of Computing Technology of
CAS (SICT), we propose an improved software structure ori-
ented to ﬁve-axis transformation functions, design an object-
oriented ﬁve-axis kinematic library, and implement RTCP
and 3D radius compensation functions in the CNC system.
2. Software structure of ﬁve-axis CNC system
The ﬁve-axis CNC system usually consists of man–machine
interface (MMI), numerical control kernel (NCK) and PLC.
MMI is an interactive platform between users and the system.It offers operation, parameter-setting, display, program-edit-
ing and other functions. NCK is the core unit of the system.
It chieﬂy processes code interpretation, interpolation, acceler-
ation/deceleration (Acc/Dec) control and more. PLC is the
switch signal controller of CNC facilities. It controls speciﬁc
components and devices, such as I/O module. In this paper,
we just concentrate on MMI and NCK which are directly re-
lated to ﬁve-axis functions.
The traditional NCK integrates interpreter, interpolator,
Acc/Dec controller, position controller and etc. together,13 as
shown in Fig. 1.
Fig. 3 Software structure with ﬁve-axis transformation function.
Design and implementation of ﬁve-axis transformation function in CNC system 427Because of its high coupling degree, such kind of software
architecture is not good for new functions extension and code
maintenance. If one part happens to change, all the other rel-
evant parts must be changed accordingly.
LT series CNC systems developed by SICT are designed
with a hierarchical modular method. The traditional NCK is
divided into two layers: the task control layer and the motion
control layer.14 The task layer takes charge of preprocesses be-
fore machining, such as interpretation of NC codes, system ini-
tialization, operating mode switch. These parts belong to non-
real time tasks. The motion layer is used to generate ﬁnal axes
instructions in real-time. Data is transmitted via NML (Neu-
tral Message Language)15 between MMI and the task layer,
and via a shared buffer between the task layer and the motion
layer. The structure is shown in Fig. 2.
This hierarchical design is better for function split and
maintenance. However, ﬁve-axis transformation functions still
cannot be realized just with such software structure. Therefore,
we further divide the motion layer into the motion control unit(MCU) and the ﬁve-axis transformation unit (FTU). MCU is
composed of the rough interpolator, the motion queue, the Acc/
Dec controller, the spline interpolator, and etc. FTU includes
the kinematic library, the compensation calculator, and etc. When
executing ﬁve-axis functions, the system needs the cooperation of
MCU and FTU. Otherwise, MCU is enough. In addition, a
machine manager and a cutter manager are added into the task
layer so as to store the machine’s geometry information and the
tool’s relevant parameters. The improved model is shown in Fig. 3.
3. Establishment of ﬁve-axis kinematic library
The forward and the inverse kinematic transformations are the
foundation of ﬁve-axis machining. They build the relationship
between the tool information with respect to the workpiece
coordinate system and axes positions with respect to the ma-
chine coordinate system. Generally, the kinematic transforma-
tion is carried out in PP (post-processor), and the system does
not know the cutter’s position and orientation. It just knows
Table 1 Classiﬁcation of ﬁve-axis machine.
Spindle-tilting type Table-tilting type Table/spindle-tilting type
AB AB AB
· AC AC
BA BA BA
· BC BC
CA · ·
CB · ·
428 F. Wang et al.axes commands after transforming. If the transformation is
carried out in CNC, the system is able to get the tool informa-
tion in real time. This provides a premise for RTCP, radius
compensation, tolerance veriﬁcation and other ﬁve-axis func-
tions. Besides, programmers just need to concern the tool mo-
tion on the workpiece. The machine kinematic can be ignored.
Therefore, the code portability is improved. As a key module
of ﬁve-axis functions, the ﬁve-axis kinematic library should
have good encapsulation and be scalable. Hence, we propose
a kind of object-oriented library modeling.
3.1. Geometry information analysis of ﬁve-axis machine
In this paper, we just analyze machines with orthogonal linear
axes. Five-axis linkage machine can be classiﬁed into three ba-
sic types: table-tilting type, spindle-tilting type and table/spin-
dle-tilting type, as shown in Fig. 4. According to theFig. 4 Machine geometry offset.distribution of the 4th axis (the 1st rotary axis) and the 5th axis
(the 2nd rotary axis), each type has four rotary axes assign-
ments, so there are 12 transforming relations in total, as shown
in Table 1. (Note: In the axis sequence, the ﬁrst letter is the 4th
axis, and the second one is the 5th axis. Combinations marked
by · are meaningless.)
The geometry information of the machine includes the kine-
matic chain and the offset information. The kinematic chain
describes the transitive relation among kinematic pairs. It is
the foundation of the kinematic transformation. Many articles
introduced this.16,17 The offset information describes the rela-
tive position between each reference point. It is not only the
component of the kinematic transformation but also useful
for checking machine geometry tolerances. The offset informa-
tion, as shown in Fig. 4, includes the offset vector from the ta-
ble zero point to the table swivel joint, the vector between
swivel joints, the vector from the cutter center point to the ro-
tary swivel joint, and etc.
The machine’s geometry parameters and the cutter’s infor-
mation are set through the system interface, as shown in Fig. 5,
and saved in a conﬁguration ﬁle. The task layer reads them
from the conﬁguration ﬁle, and then writes them in the ma-
chine manager and the cutter manager, respectively. When exe-
cuting ﬁve-axis functions, the motion layer reads not only the
commands translated by the interpreter but also the informa-
tion saved in the machine manager and the cutter manager.
3.2. Design method of kinematic library
The kinematic library is used to realize the ﬁve-axis forward
and inverse kinematic transformations. Considering that each
machine type has speciﬁc transformation corresponding to its
kinematic chain, we adopt the abstract factory pattern18 to de-
sign the library so that it can be suitable for different machine
types.Fig. 5 Geometry conﬁguration interface of MMI.
Fig. 6 Class diagram of ﬁve-axis kinematic library.
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Kinematic’’ which is in charge of the forward kinematic trans-
formation, an abstract class ‘‘InverseKinematic’’ which is in
charge of the inverse kinematic transformation, and an ab-
stract factory class ‘‘KinematicFactory’’ to create kinematic
classes. As mentioned above, there are 12 types of ﬁve-axis ma-
chines, so there exist 12 types of forward and inverse kinematic
transformations, respectively. Each speciﬁc transformation
inherits from ‘‘ForwardKinematic’’ or ‘‘InverseKinematic’’.
At the same time, ‘‘KinematicFactory’’ is generalized into 12
types of speciﬁc factory classes. The class diagram of the kine-
matic library is shown in Fig. 6. Because of the limited space,
we present only 3 types: AB table-tilting, CA spindle-tilting
and BC table/spindle-tilting (hybrid) machine.
By overriding the pure virtual function ‘‘forwardTrans-
form’’ of the father class, each forward kinematic son class
can calculate the cutter data (including the cutter location
coordinate and the cutter orientation) with the machine axes
coordinates. Similarly, inverse kinematic son classes override
the pure virtual function ‘‘inverseTransform’’ of their father
class to transform the cutter data into axes coordinates. Be-
sides, speciﬁc factory classes override functions ‘‘create-
ForwardKinematic’’ and ‘‘createInverseKinematic’’ to create
the forward and the inverse kinematic classes. Here, ‘‘Client’’
is not a real class. It is just an external call for objects of ‘‘For-
wardKinematic’’, ‘‘InverseKinematic’’ and ‘‘KinematicFacto-
ry’’. For example, when the machine type is AB table-tilting,
the procedure of calculating axes coordinate ‘‘axis’’ with the
cutter data ‘‘cutter’’ is as follows:KinematicFactoryf ¼ new ABTableTiltFactoryðÞ;
InverseKinematicm ¼ f! createInverseKinematicðÞ;
axis ¼ m! inverseTransformðcutterÞ;where ‘‘cutter’’ is an user-deﬁned variable including the cutter
location coordinate and the cutter orientation vector, and‘‘axis’’ is also a user-deﬁned variable including ﬁve axes
positions.
The speciﬁc transforming procedure is encapsulated into the
transformation function ‘‘forwardTransform’’ or ‘‘inverseTrans-
form’’ of each relevant son class. The required geometry param-
eters are global variables sent from the task layer, so the
argument of the transformation function is only axis (for forward
transformation) or ‘‘cutter’’ (for inverse transformation). If the
kinematic library needs to be applied to a new machine type,
the systemmanufacturer just need to extend the library by adding
new kinematic classes and a new factory class rather than modify
old codes, so the programming becomes easier and safer.
3.3. Kinematic transformation of CA spindle-tilting machine
Kinematic transformation algorithm is the core of the kine-
matic library. Here, we take the CA spindle-tilting machine
for example to propose the establishment of forward and in-
verse kinematic transformations.
Fig. 7 depicts relevant coordinate systems of the CA spindle-
tilting machine. pm(xm, ym, zm, c, a) includes axes positions in the
machine coordinate system. The origin of the workpiece coordi-
nate system is Ow. The position and the orientation of the cutter
with respect to the workpiece coordinate system are pw(xw, yw,
zw) and qw(qi, qj, qk), respectively. Coordinate system Otxtytzt is
attached to the cutter. The initial cutter orientation in the cutter
coordinate system is w= [0 0 1]. h= [hi hj hk] is used to repre-
sent the vector from the 2nd to the 1st swivel joint. The vector
from the cutter center to the 2nd swivel joint is written as l= [li -
lj lk], and v is the vector from the cutter axis control point to the
2nd swivel joint. Besides, the holder length and the effective cut-
ter length are written as t1 and t2, respectively. Obviously,
l= v+ (t1 + t2)w. The positive direction of rotary axes is coun-
ter-clockwise, and negative otherwise.
Considering the kinematic chain and offset vectors, the for-
ward kinematic transformation of the CA spindle-tilting ma-
chine is established as follows:
Fig. 7 Coordinate systems of the CA spindle-tilting type
conﬁguration.
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yw
zw
1
2
6664
3
7775 ¼
1 0 0 xm þ li þ hi
0 1 0 ym þ lj þ hj
0 0 1 zm þ lk þ hk
0 0 0 1
2
6664
3
7775
cos c  sin c 0 0
sin c cos c 0 0
0 0 1 0
0 0 0 1
2
6664
3
7775
:
1 0 0 hi
0 1 0 hj
0 0 1 hk
0 0 0 1
2
6664
3
7775
1 0 0 0
0 cos a  sin a 0
0 sin a cos a 0
0 0 0 1
2
6664
3
7775
li
lj
lk
1
2
6664
3
7775
ð1Þ
qi
qj
qk
0
2
6664
3
7775 ¼
1 0 0 xm þ li þ hi
0 1 0 ym þ lj þ hj
0 0 1 zm þ lk þ hk
0 0 0 1
2
6664
3
7775
cos c  sin c 0 0
sin c cos c 0 0
0 0 1 0
0 0 0 1
2
6664
3
7775
:
1 0 0 hi
0 1 0 hj
0 0 1 hk
0 0 0 1
2
6664
3
7775
1 0 0 0
0 cos a  sin a 0
0 sin a cos a 0
0 0 0 1
2
6664
3
7775
0
0
1
0
2
6664
3
7775
ð2Þ
Eq. (2) can be simpliﬁed into Eq. (3):
qi ¼ sin a sin c
qj ¼  sin a cos c
qk ¼ cos a
8><
>: ð3Þ
The motion position with respect to the machine coordinate
system can be obtained by solving the forward kinematic equa-
tions. The inverse kinematic transformation is expressed as
xm ¼ xw þ hi cos cþ li cos c hj sin c lj cos a sin cþ lk sin a
 sin c li  hi
ym ¼ yw þ hj cos cþ hi sin cþ li sin c lk cos c sin aþ lj cos a
 cos c lj  hj
zm ¼ zw þ lk cos aþ lj sin a lk
c ¼ arctan  qi
qj
 !
þ Kp K ¼ 0;1;p < c 6 p
a ¼ K arccos qk K ¼ 1;p < a 6 p
8>>>>>>><
>>>>>>>:
ð4Þ
where K is the multiple.It is known that for a given angle h, cos(h) = cosh,
tanh= tan(h± p). Because the direction of rotary axes could
be clockwise or counter-clockwise, both c and a could have
multiple solutions. For example, when qk = 0.5, angle a could
be p/3 or p/3. Generally, the range of rotary axes is (p, p],
so the speciﬁc values of rotary axes could be determined as fol-
lows. Firstly, choose the value of angle a. Then, according to
sinc= qi/sina and cosc= qj/sina, c could be obtained.
Sometimes, according to the actual needs, the ﬁnal result still
needs to be modiﬁed with the periodicity of the trigonometric
function.
The forward kinematic algorithm is realized by the function
‘‘forwardTransForm’’ which belongs to the class ‘‘CA_Spin-
dleTilt_For’’, and the inverse one is realized in the function
‘‘inverseTransForm’’ of the class ‘‘CA_SpindleTilt_Inv’’.4. RTCP and 3D radius compensation function
In this section, we implement RTCP and 3D radius compensa-
tion function in the CNC system, of which the software struc-
ture is designed as mentioned above.
4.1. Realization of RTCP function
With RTCP function, NC code can be directly generated via
the machining surface and expected cutter orientation. The
system can compensate linear motions automatically when
interpolating rotary motions, so that the cutter center can be
continuously aligned to the programming trajectory during
milling. Therefore, the non-linear error can be greatly reduced.
In addition, the NC code can be transplanted between differ-
ent machine tools, as it is just related to the cutter center point
rather than the speciﬁc machine conﬁguration. At the same
time, the length compensation can be performed automatically
when the cutter length changes, so the code reusability and the
machining efﬁciency are improved. The instruction format for
RTCP is XYZab or XYZIJK, where a and b represent the
rotation angle of the 1st and the 2nd rotary axis, (X, Y, Z) is
the cutter location (CL) coordinate and [IJK] is the cutter ori-
entation vector.
The RTCP algorithm is shown in Fig. 8. When the task
controller reads G43.4, RTCP function is activated. When
the command is G49, RTCP function is cancelled. Since the
G codes are axes commands before RTCP is activated, when
executing G43.4, the last axes instruction should be recorded,
and then transformed into the CL data to be the starting point
under the RTCP pattern. It is used to calculate the distance be-
tween adjacent CL points subsequently. When RTCP is active,
the NC codes are the CL program with respect to the work-
piece coordinate system until the interpreter reads G49. Here,
it is important to indicate that both the cutter tip and the cut-
ter center can be deﬁned as the cutter location point (CL
point). In this paper, if it is not speciﬁed, the ‘‘CL point’’
means the cutter center.
After linear interpolation between adjacent CL blocks,
solving inverse kinematic equations, acceleration control and
spline smoothing, the ﬁnal axes instructions could be obtained.
Then these axes instructions will be sent to servo. Note that if
the NC code format is XYZIJK, the cutter orientations of
adjacent blocks should be transformed into rotary axes coordi-
nates before linear interpolation.
Design and implementation of ﬁve-axis transformation function in CNC system 431The linear interpolation algorithm based on CL data is
shown in Fig. 9. Variables and parameters in this pseudocode
are described as follows: ‘‘cl1’’ and ‘‘cl2’’ are the starting and
end CL points; ‘‘D’’ is the distance between them, ‘‘feed’’ the
cutter feed, ‘‘T’’ the interpolation cycle length, and ‘‘N’’ the
number of the interpolation cycles; ‘‘N1’’ and ‘‘N2’’ are tempo-
rary variables. ‘‘(X1, Y1, Z1, a1, b1)’’ represents the coordinate
of each axis at the starting point, and ‘‘(X2, Y2, Z2, a2, b2)’’
represents the ones at the end point. ‘‘vx, vy, vz, va, vb’’ repre-
sent the maximum allowable speed of each axis. ‘‘tx, ty, tz, ta,
tb’’ are also temporary variables. ‘‘t’’ is the time ensuring that
ﬁve axes reach the destination simultaneously. ‘‘rtcpCL’’ and
‘‘rtcpAxis’’ are the CL coordinate and axes coordinate in each
interpolation cycle respectively. The order number of the inter-
polation cycle is representd by ‘‘i’’.Fig. 8 RTCP algorithm.
Fig. 9 Linear interpolation alThe execution procedure of RTCP is shown in Fig. 10.
MMI receives NC commands in each pattern (including
MDI, JOG and AUTOMATIC), and then sends them to the
task layer. The code interpreter in the task layer will translate
NC commands into internal commands of the CNC system.
When RTCP is activated, the current recorded axes coordinate
will be sent to FTU (ﬁve-axis transformation unit). After for-
ward kinematic transformation, the CL instruction at the
starting position is obtained, and then it will be sent to the
rough interpolator in MCU (motion control unit). Next blocks
received by the task layer are all CL positions with respect to
the workpiece coordinate system. They are sent to the rough
interpolator directly. In the rough interpolator, linear interpo-
lation will be performed between adjacent CL points. Then CL
coordinate at each interpolated point is sent to the kinematic
library to be transformed into axes instructions. These axes
instructions are sent to the motion queue to wait for handling.
After acceleration/deceleration limitation with the Acc/Dec
controller and smoothing with the spline interpolator, ﬁnal
axes instructions are generated and sent to servo to control
the machine. At the same time, the instructions obtained from
the Acc/Dec controller need to be sent to the task layer to keep
synchronization between the task layer and the motion layer.
On the one hand, the task layer needs to know the exact posi-
tion of the new starting point while RTCP is cancelled. On the
other, the task layer needs to send axes coordinates to MMI
for display.
Now we compare the motion trajectories of the CL point
before and after the RTCP function is activated. The vector
from the 2nd to the 1st swivel joint of the CA spindle-tilting
machine is (1.93, 5.04 and 10.00 mm), and the vector from
the cutter axis control point to the 2nd swivel joint is (0.47,
9.32 and 3.64 mm). The effective cutter length is 160 mm,
and the holder length is 50 mm.
Experiment 1: Programming the rotary motions only.
The G code under the non-RTCP pattern is in Fig. 11.
According to the code, positions of linear axes are ﬁxed.
However, when C axis and A axis rotate, the cutter center
point happens to move. The CL trajectory is shown in Fig. 12.
By contrast, the code under the RTCP pattern is shown in
Fig. 13.
According the RTCP algorithm, the linear interpolating
calculation is directly conducted on adjacent CL points with
respect to the workpiece coordinate system. When the system
reads ‘‘G43.4’’, it will calculate the current CL point coordi-gorithm based on CL data.
Fig. 11 G code under non-RTCP pattern in experiment 1.
Fig. 12 CL trajectory under non-RTCP pattern in experiment 1.
Fig. 13 G code under RTCP pattern.
Fig. 14 Linear axes trajectory under RTCP pattern.
Fig. 15 G code under non-RTCP pattern in experiment 2.
Fig. 16 Trajectories of CL point and linear axes under non-
RTCP pattern.
Fig. 10 Execution procedure of RTCP.
432 F. Wang et al.nate via the forward kinematic transformation. Here, based on
N1, the coordinate of the starting CL point is (3.5131, 21.0880,
0.1840). Because only the rotary motions are programmed, the
CL point will not move. After interpolation for CL point androtary axes and inverse kinematic transformation, the linear
axes trajectory is obtained, which is shown in Fig. 14.
It can be seen that when RTCP function is activated, in or-
der to keep the cutter center point staying at the same position,
the linear axes will move along with the rotary axes.
Experiment 2: Programming translational and rotary mo-
tions simultaneously.
The G code under the non-RTCP pattern is shown in
Fig. 15.
After linear interpolation, the trajectory of the resultant
motion of three linear axes is a space line. However, the CL
point moves along a curve rather than the line between the
starting the end points (see Fig. 16).
Under RTCP, the code is shown in Fig. 17.
Firstly, the instruction ‘‘G43.4’’ is used to activate the
RTCP function. Then the coordinate of ﬁve axes is trans-
formed into the starting CL coordinate (9.1567, 30.8630,
Fig. 17 G code under RTCP pattern in experiment 2.
Design and implementation of ﬁve-axis transformation function in CNC system 4331.1715). When RTCP is on, the NC codes are the CL program,
so the end CL coordinate is (31.6203, 46.9744, 12.1768). As
shown in Fig. 18, during the interpolation, linear axes will
move along a curve to compensate the deviation of CL point
resulting from rotation movements, so the cutter center is al-
ways on the line between the starting and the end CL points.
Fig. 19 shows the test procedure for the RTCP function. In
the test, only rotation movements are programmed, which is
similar to the example 1 mentioned above. It can be seen that
the tool orientation changes constantly when rotary axes
move. However, the short hand of the dial gauge always points
to 0, and the long hand only moves one unit. It proves that the
cutter center point nearly stays immobile, and the error is
about 0.01 mm, so the RTCP function is efﬁcient.
Since the effective cutter length is considered during kine-
matic transformation, users can input the compensation value
according to the actual cutter length when RTCP is active.
4.2. 3D cutter radius compensation function
3D cutter radius compensation is another important ﬁve-axis
function. In CAM, the trajectory planning is closely relatedFig. 18 Trajectories of CL point and linear axes under RTCP
pattern.
Fig. 19 RTCP veriﬁcation.to the cutter radius. Once the cutter size has changed, a new
trajectory must be generated. However, if the system imple-
ments 3D radius compensation function, the minor changes
(e.g. the cutter becomes smaller because of wear) in radius
compared with the standard cutter can be compensated. There
is no need to change another cutter or generate a new pro-
gramming path, so the efﬁciency is increased and the cost is re-
duced. 3D radius compensation includes end milling
compensation and ﬂank milling compensation. The handling
methods are different. In this paper, we just propose the imple-
mentation of end milling compensation.
Based on our software structure, when 3D radius compen-
sation function is activated, instructions sent from MMI are
the coordinates of cutter contact (CC) points rather than cutter
location (CL) points. Therefore, the whole radius compensa-
tion function includes two steps: the ﬁrst one is the calculation
of the CL coordinate, and the second is the inverse kinematic
transformation. For end milling, the calculation of the ﬁrst
step is correlated with the cutter shape. Fig. 20 depicts three
types of common used cutters. Unit vectors, u, n and r, are
used to represent the cutter orientation vector, the surface nor-
mal vector and the radius compensation vector, respectively.
Vectors cc and cl are used to represent the CC point coordinate
and the CL point coordinate. R is the distance between the CC
point and the CL point.
For the ball-end cutter, the cutter is always tangent to the
machined surface, so we have r= n and cl = cc + Rr.
For the square-end cutter
r ¼ ðu nÞ  ujðu nÞ  uj
cl ¼ cc þ Rr
8<
: ð5Þ
For the radius-end cutter, the radius compensation vector is
composed of two parts. The one is the vector pointing to the
corner center from the CC point, ra. The other is the vector
pointing to the cutter center from the corner center, rb.
ra ¼ n
rb ¼ ðu nÞ  ujðu nÞ  uj
cl ¼ cc þ Rara þ Rbrb
8><
>: ð6Þ
where Ra is the distance between the CC point and the corner
center (we call it ‘‘corner radius’’), and Rb the distance between
the corner center and the CL point (we call it ‘‘bottom radius’’).
The cutter information, such as the shape and the radius
(including the bottom radius and the corner radius), is stored in
the cutter manager of the task layer. According to the cutter infor-
mation, the compensation calculator of FTU determines the
speciﬁc algorithm to compute the radius compensation vector.Fig. 20 Three types of common used cutters.
Fig. 21 3D radius compensation algorithm for end milling.
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needs not only the cutter orientation but also the surface nor-
mal. Therefore, during end milling with 3D radius compensa-
tion function, the format of NC instruction is XYZIJKUVW.
(X, Y, Z) represents the CC coordinate with respect to the
workpiece coordinate system. [IJK] and [UVW] represent
the cutter orientation and the normal vector. In addition,
G41.1 and G40 are used to activate and cancel 3D radius com-
pensation function.
As shown in Fig. 21, in order to calculate radius compensa-
tion vectors in real-time, adjacent CC points, cutter orientation
vectors and normal vectors must be interpolated at ﬁrst. We
adopt linear interpolation (mentioned above) for CC points,
and vector interpolation for cutter orientation vectors and sur-
face normal vectors.
The process of vector interpolation is as follows. ls and le
are used to represent the start and the end vector, respectively.
As shown in Fig. 22, ey = ls, ez = (ls · le)/|ls · le| and ex = (ey
· ez)/|ey · ez| constitute a group of base vectors of a local coor-
dinate system. Therefore, the transition matrix from the work-
piece coordinate system to the local coordinate system is
E ¼ ½eTxeTy eTz . The vector li of each interpolation cycle can be
obtained by
li ¼ E
cosðix=NÞ  sinðix=NÞ 0
sinðix=NÞ cosðix=NÞ 0
0 0 1
2
64
3
75
0
1
0
2
64
3
75ð1 6 i 6 NÞ ð7Þ
where x is the angle between the start and the end vector, and
x = arccos(lsÆle); N is the number of the interpolation cycles.Fig. 22 The vector interpolation.In Fig. 21, ‘‘cutterID’’ is the cutter id; ‘‘R’’ is the cutter ra-
dius; ‘‘cc1’’ and ‘‘cc2’’ are positions of the starting and end CC
points; ‘‘u1’’ and ‘‘u2’’ are adjacent tool orientation vectors;
‘‘n1’’ and ‘‘n2’’ are adjacent normal vectors; ‘‘D’’ is the distance
between ‘‘cc1’’ and ‘‘cc2’’. In the interpolation cycle ‘‘i’’, the CC
point position, the normal vector, the tool orientation, the CL
point position and the axes position are stored in variables
‘‘cci’’, ‘‘ni’’, ‘‘ui’’, ‘‘cli’’ and ‘‘axisi’’, respectively. The meanings
of ‘‘N’’, ‘‘feed’’ and ‘‘T’’ are the same as the ones in Fig. 9.
The execution procedure of 3D radius compensation for
end milling is shown in Fig. 23.
As mentioned above, when the compensation vector is cal-
culated in the CNC system, the current surface normal vector
must be known. Unfortunately, CAM softwares just supply
the CL data or CC data as a set of discrete points, and the nor-
mal vector information is not given.
However, for the ball-end cutter, the direction of the nor-
mal vector is always from the CC point to the cutter center
point (CL point). Because CAM such as UG can generate
the CL point and CC point coordinates information at the
same time, the normal vector of each CC point can be obtained
during path planning with the standard tool. The normal vec-
tor n is calculated as follow
n ¼ cl  cc
R
ð8ÞFig. 23 Execution procedure of 3D radius compensation for end
milling.
Fig. 24 A part of the CLS ﬁle.
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obtained by Eq. (9):
n ¼ cl þ Ru cc
R
ð9Þ
For other cutters, the normal vectors are hardly to be ob-
tained exactly, but they could be estimated with discrete
points. The approximate calculation with the CC points be-
longs to the reverse engineering domain, and it attracts many
researchers’ attention. Liang and Lin19 determined the normal
vector of each point by constructing triangular meshes. Han
et al.7 proposed an estimation algorithm based on Delaunay
triangulation. Zheng20 introduced ‘‘Five-point method’’ and
‘‘Three-point method’’ to recover the normal vector. Xie and
Chen21 advanced the algorithm based on the theory that four
non-coplanar points must be on the same sphere.
Now we verify the 3D radius compensation function with
ball-end tools.
Firstly, we use UG to generate the CLS ﬁle, which includes
the CC point information, with a ball-end cutter whose diam-
eter is 6.1 mm. A part of the CLS ﬁle is shown in Fig. 24.Fig. 25 NC code with the
Fig. 26 Trial-cut experimThe part before ‘‘$$’’ is the cutter tip coordinate and the
tool orientation, and the part after ‘‘$$’’ is the cutter contact
coordinate. The normal vector of each CC point is calculated
through Eq. (9). Then the NC code is obtained, as shown in
Fig. 25, the instruction format of which is XYZIJKUVW as
mentioned above.
One cutter, the diameter of which equals to 6.1 mm (Cutter
1) and another one, the diameter of which equals to 6 mm
(Cutter 2), are used to mill the workpiece respectively. The cut-
ting depth is set at 0.4 mm. When the 3D radius compensation
function is on, the system will read the NC code including the
CC point coordinate, the tool orientation and the normal vec-
tor. Fig. 26 depicts the trial-cut experiment with the 3D radius
compensation function and one workpiece after milling.
Finally, we use the measuring microscope to measure the
cutting width of the workpiece to verify the validity of the
compensation function. The principle of the veriﬁcation is as
follows.
h Represents the cutting depth, and s the cutting width. By
observing the cutter along the feed direction, the sectional
drawing can be obtained as Fig. 27.format XYZIJKUVW.
ent and the workpiece.
Fig. 27 Sectional drawing of ball-end cutter.
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R2 ¼ ðR hÞ2 þ s
2
 2
ð10ÞFig. 28 Measuring the milling width with the measuring
microscope.It could be known that for the same ball-end cutter and the
same set cutting depth, the cutting width should keep constant
everywhere theoretically, but if the radius changes and the set
cutting depth is invariant, the cutting width will be different.
Besides, the actual cutting depth can be calculated by measur-
ing the actual cutting width. For the two workpieces, although
the cutter radiuses are different, both the processing program
and the set depth do not change, so the values of the actual
cutting depth should approximately equal, and both ﬂoat near
the set value.
As shown in Fig. 28, the Y value of the microscope is the
cutting width s. For Cutter 1 (the radius is 3.05 mm), s is
3.0216 mm, so the actual depth equals to 0.4005 mm; for Cut-
ter 2 (the radius is 3 mm), s is 2.9906 mm, so the actual depth
equals to 0.3992 mm. The error between the actual depth and
the set depth 0.4 mm is less than 0.001 mm in these two pro-
cessing. That means the actual coordinates of the CC point
are very close to the original program, and the 3D radius com-
pensation function is effective.
It should be pointed out that the radius compensation will
result in a different peak-to-valley height, so only minor
changes in radius can be compensated. If the radius change lar-
gely, there is a risk of the tool colliding with the workpiece
contour, so the tool path must be planned again to ensure
the milling accuracy.22
5. Conclusions
(1) This paper proposes an improved software structure ori-
ented to ﬁve-axis functions. A ﬁve-axis transformation
unit which specially takes charge of ﬁve-axis functions
is integrated into the system.
(2) An object-oriented modeling method is applied to the
design of the ﬁve-axis kinematic library. An abstract fac-
tory is used to create kinematic transformation classes.
According to the speciﬁc machine’s type and geometry
information, each kinematic transformation class carries
out the speciﬁc transformation.
(3) With this kind of architecture, two important ﬁve-axis
functions, RTCP and 3D radius compensation (for end
milling), are implemented in the CNC system, so the cut-
ter instructions could be directly used in the system to
control the machine. This veriﬁes that the software struc-
ture and the kinematic library we designed are efﬁcient.
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